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Abstract 
With dimensional analysis and similarity theory, the model similarity law of aircraft structures under bird impact load is investi-
gated. Numerical calculations by means of nonlinear dynamic software ANSYS/LS-DYNA are conducted on the finite element models 
constructed with different scaling factors. The influence of strain rate on the model similarity law is found to be dependent on the strain 
rate sensitivity of materials and scale factors. Specifically, materials that are not sensitive to strain rate obey the model similarity law in 
the bird impact process. The conclusions obtained are supposed to provide a theoretical basis for the experimental work of bird impact 
on aircraft structure.  
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1 Introduction* 
Aircraft collision with birds, at low-altitudes, 
with high speed, has sparked a wide interest to study 
deeply for enhancing the safety of the aircraft 
structure. As the earliest and most fundamental ap-
proach, the experimental method is also the most 
direct and effective means of validating the struc-
tural capability of anti-bird impact and guiding the 
anti-bird impact design. X. H. Yao, et al.[1] have 
conducted an experiment on an arc windshield sub-
jected to bird impact, and provided valuable data for 
the research and design of windshields with high 
anti-bird impact capacity. 
The expensive specimen (e.g. a windshield 
costs tens of thousands of dollars) and great ex-
perimental expense make the full-scale experiment 
less attractive, added to the fact that repeated ex-
periments are needed before a satisfactory result can 
be obtained in the actual process of anti-bird impact 
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design. For instance, a full-scale bird impact ex-
periment has to be conducted over 20 times for de-
signing a particular type of aircraft windshield[2]. 
Small-scale experiments are thus introduced to re-
duce the experimental cost. To faithfully reflect the 
full-scale experiment, the bird impact process for a 
small-scale experiment is supposed to obey the 
model similarity law. A lot of studies have been 
performed with regard to the projectile penetration 
model similarity law. L. Holmberg, et al.[3] have 
investigated the process of tungsten alloy long rods 
penetrating oblique steel plates. His results were 
found to satisfy the model similarity law. C. E. 
Anderson Jr., et al.[4] and G. L. Ferguson[5] have 
studied the similarity law of long rod penetrating the 
armor material with high speed, and the penetrating 
process was found to meet the similarity law basi-
cally, though some differences existed between the 
small model and the prototype because of the strain 
rate effect. The investigation of D. R. Wang, et al.[6] 
has implied that the strain rate had little influence 
on the similarity law during the penetration process. 
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However, no report has been found on the similarity 
law in the process of bird impact. 
On the basis of dimensional analysis and simi-
larity theory, this article is dedicated to the investi-
gation of the model similarity law for the bird im-
pact process and the strain rate effect on the similar-
ity law, by means of numerical calculation. The va-
lidity of predicting a full-scale bird impact process 
by small-scale experimental results is discussed. 
2 Theoretical Analyses 
The bird impact process is a very complicated 
issue of nonlinear impact dynamics under the influ-
ence of various physical factors, among which some 
manipulating key factors are chosen.  
According to the report of J. P. Barber, et al.[7], 
the pressure caused by bird impacting on aircraft at 
high speed is far beyond the ultimate strength of the 
bird and leads to the rheological change of the bird. 
A. F. Johnson, et al.[8] and M. A. McCarthy, et al.[9] 
used an equation of state (EOS) to describe the 
pressure. Thus, the independent physical parameters 
of the bird are as follows: the length of the bird L, 
diameter d, density Ub, and the relational coefficient 
of volume and pressure Ci (i = 1, 2, ···). The inde-
pendent physical parameters for the structure are: 
geometrical characteristic size lj (j = 1, 2, ···), den-
sity Ut, elastic modulus E, tangent modulus Et, 
Poisson ratio Q, yield stress Vs, strain rate H , and 
failure strain Hfailure. Besides, the structural response 
in the bird impact process is also related to the ini-
tial velocity of the bird v, impact angle M, structural 
boundary condition B(X), and the time that has 
passed since the beginning of impact t, and so on. 
For a given bird-structure system, the bird im-
pact process is definite. If structural displacement w 
is used to describe the characteristic quantity of the 
process, it must be the function of the above-men-
tioned parameters and its general relational expres-
sion is  
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According to 3 theorem[10], when L, Ub, and E 
are chosen as the basic dimensions, the general rela-
tional expression can be described by similar inde-
pendent dimensionless parameters, as follows 
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For the small-scale and full-scale experiments, 
if their corresponding similar parameters on the 
right side of Eq.(2) are equivalent to each other, 
then the two bird impact processes can be consi- 
dered to be similar. 
Provided that the materials of the bird and that 
of the structure for both the small-scale and full- 
scale experiments are the same, and the structural 
materials are not sensitive to the strain rate, similar 
parameters related to material properties in Eq.(2) 
will be constants, which means that similar condi-
tions are met. Thus the general relational expression 
can be simplified as 
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  (3) 
Furthermore, provided that the small-scale and 
full-scale experiments share the same bird impact 
speed and angle, and the scale factor O (O< 1) is 
satisfied by the geometrical characteristic size, then 
the bird impact process for the small-scale and 
full-scale experiments obey the similarity law.  
Yet, because different birds and structural 
characteristic lengths are used in the small-scale and 
full-scale experiments, the strain rates of materials 
are different when the bird impacts with the same 
speed. This will result in a deviation from the simi-
larity law for strain rate sensitive materials. It can be 
concluded from similar conditions that  
f
s
HH O 
                  (4) 
where the subscripts s and f denote the small-scale 
and full-scale experiments, respectively. Eq.(4) de-
monstrates that the influence of strain rate on the 
model similarity law is dependent upon both strain 
rate sensitivity and scale factor. 
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Similarly, the general dimensionless relation-
ship between the impact force or stress of the struc-
ture and the analytic parameters can be obtained, 
which will not be presented in detail here. 
3 Numerical Analysis of Model Similarity
  Law 
On the basis of the prototype model of bird and 
structure for a full-scale experiment, the numerical 
calculation by means of nonlinear dynamic software 
ANSYS/LS-DYNA is conducted on models with 
different scale factors to define the influence of the 
strain rate effect on the model similarity law. 
3.1 Calculation model 
According to the military standard require-
ments, the bird model is approximated here to be a 
cylinder with a length to diameter ratio of 2:1. In an 
experimental study, J. P. Barber, et al.[11] measured 
the densities of birds with various sizes and ob-
tained an average value equal to about 95% that of 
water. Therefore the density of a bird is assumed to 
be 950 kg/m3. The mass of the bird is 3.6 kg (8 
pounds)[12], therefore, the cylinder diameter of the 
bird is determined to be 134.12 mm. The dimen-
sions of the flat plate are 500 mm × 500 mm × 10 
mm (see Fig.1). 
 
Fig.1  Finite element model of bird and structure. 
On the basis of these sizes, the geometrical 
characteristic sizes of bird and structure are scaled 
down with the same scale factor, namely, 0.5, 0.2, 
and 0.1, respectively, and then the small-scale 
model is obtained. 
In the finite element model, the 8-node solid 
and 164-element type in the LS-DYNA element 
library are used for bird and flat plate. Moreover, 
single-point integration and hourglass control are 
also employed. 
(1) Material properties of bird 
The EOS of bird material is defined by 
*EOS_LINEAR_POLYNOMIAL of LY-DYNA, in 
which pressure p is presented as 
2 3
0 1 2 3p C C C CP P P     (5) 
where C0-C3 are the coefficients of the multinomial 
equation. The compression of the material is defined 
by the parameter 0/ 1P U U  , where Uand 0U are 
current and initial densities, respectively. 
For this model, the material properties of the 
bird are defined by B. Langrand, et al.[13] as C0 = 0 
MPa, C1 = 2 250 MPa, and C2 =  C3 = 0 MPa. 
(2) Material properties of structure 
The material of the structure is modeled by the 
*MAT_PLASTIC_KINEMATIC of LS-DYNA code, 
and the dynamic yield stress function of this model 
is 
1/ eff
d 0 p p1 ( / ) ( )
PC EV H V E Hª º  ¬ ¼  (6) 
where dV , effpH , pE , and H  are the initial yield 
stress, equivalent plastic strain, plastic hardening 
modulus, and equivalent strain rate, respectively; C 
and P are the Cowper-Symonds strain rate parame-
ters; and E is the hardening parameter, ranging from 
0 (kinematical hardening) to 1 (isotropic hardening). 
The flat plates are made of LY12-CZ aluminum 
alloy and 45# steel, respectively. Unlike 45# steel, 
LY12-CZ is nonsensitive to strain rate. Thus pa-
rameters C and P are not valuated and the influence 
of the strain rate will not be taken into consideration 
in the finite element code. The Cowper-Symonds 
strain rate parameters of 45# steel will be obtained 
as follows: according to the Johnson-Cook constitu-
tive relation of 45# steel, revised by C. M. Hu, et 
al.[14], the static-stress-related items are moved to 
the left as the denominator, and the equation can be 
written as 
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1 8.4 10 ln '
V H HV
  u    (7) 
where 0/' =H H H   . 
By the Cowper-Symonds equation, it can be 
expressed as 
dy 1/
st
1 ( / ) PC
V HV                (8) 
where Vst and Vdy are the static and dynamic yield 
stresses of the material, respectively. Parameters C =  
2 600 and P = 3 can be obtained by equating Eq.(7) 
with Eq.(8) and keeping the corresponding strain 
rates within the range from 10–3 s–1 to 103 s–1[15]. The 
curves are shown in Fig.2, which indicates that the 
results of Johnson-Cook coincide with that of Cow-
per-Symonds quite well. The material parameters of 
the flat plate are listed in Table 1. 
 
Fig.2  Cowper-Symonds strain rate parameters of 45# steel. 
Table 1 Material parameters of flat plate[16-17] 
Material Ut/ (kg·m–3) E/GPa 
Vs 
/MPa Et/GPa Q
LY12-CZ 2 780 72 345 0.69 0.30 
45# steel 7 850 200 400 2.00 0.28 
(3) Initial condition and boundary condition 
The flat plate, fixed along the four edges, is 
impacted by a bird at the center of the flat plate in 
the normal direction with velocities of 80 m/s, 120 
m/s, and 160 m/s, respectively. 
3.2 Results and analysis 
From similar conditions, the corresponding re-
lations of time t, structural displacement along the 
bird impact direction w, impact force F, and plastic 
strain H between the small-scale model and full- 
scale model can be obtained 
f s
f s
f s
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               (9) 
According to Eq.(9), the calculation results of 
the small-scale model can be converted to that of a 
full-scale model, as shown in Figs.3-4 and Tables 
2-3. 
Fig.3 displays the displacement-time curves of 
the center of the flat plate made by LY12-CZ alu-
minum alloy. It can be seen that the calculation re-
sults of small-scale and full-scale models coincide 
with each other perfectly for both bird impact phase 
(0-1.1 ms) and structural rebound phase (1.1-5.0 
ms). Only when the scale factor is 0.1, the results of 
the two models have a tiny difference for the struc-
ture rebound phase, which is attributed to the fact 
that for small-scale and full-scale models with the 
 
Fig.3  Displacement-time curves of LY12-CZ plate. 
 
Fig.4  Displacement-time curves of 45# steel plate. 
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Table 2 Numerical results of LY12-CZ plate 
v/(ms–1) O (ws,max·O–1)/mm (Fs,max·O–2)/kN Hmax 
1.0 18.57 225.869 0.039 75
0.5 18.58 226.447 0.039 81
0.2 18.56 230.378 0.039 4580 
0.1 18.67 229.124 0.040 66
1.0 29.68 341.412 0.061 19
0.5 29.67 342.199 0.060 95
0.2 29.69 344.487 0.061 83120 
0.1 29.59 343.786 0.059 73
1.0 42.81 460.539 0.091 06
0.5 42.90 460.876 0.093 43
0.2 42.89 456.705 0.094 94
160 
0.1 43.12 461.557 0.099 20
Table 3 Numerical results of 45# steel plate 
v/(ms–1) O (ws,max·O–1)/mm (Fs,max·O–2)/kN Hmax 
1.0 10.86 327.978 0.021 96 
0.5 10.67 326.910 0.021 66 
0.2 10.32 327.372 0.019 04 80 
0.1 10.06 328.397 0.016 05 
1.0 20.34 497.773 0.036 73 
0.5 19.90 497.108 0.035 84 
0.2 19.38 496.733 0.034 06 120 
0.1 18.78 498.580 0.031 59 
1.0 29.78 678.670 0.050 19 
0.5 29.01 676.604 0.048 58 
0.2 27.77 675.488 0.045 34 
160 
0.1 26.96 674.882 0.042 59 
same number of elements, the length of the element 
of the small-scale model is smaller than that of the 
full-scale model. Thus the calculation results of the 
small model are larger. Such deviations should not 
exist in theoretical analysis. The maximum dis-
placement, impact forces, and plastic strains with 
different scale factors are listed in Table 2. It can be 
found that the change in scale factors has almost no 
influence on the numerical results under a certain 
impact velocity. It is clear from both theoretical and 
numerical results that for materials that are not sen-
sitive to strain rate, the structure response under the 
bird impact load obeys the model similarity law. 
In the case of the flat plate made by 45# steel, 
the displacement-time curves of the flat plate center 
are shown in Fig.4, and the maximum displacement, 
impact forces, and plastic strains with different scale 
factors are listed in Table 3. It should be pointed out 
that the deformation rate of the structure in a 
small-scale model is larger than that in a full-scale 
model, when the bird impacts the structure with the 
same speed, and thus the strain rate strengthening 
effect is more visible in the small-scale model. As a 
result, the peak value of displacement decreases 
with the reduction of the scale factor, and the time 
consumed to reach the peak value reduces accord-
ingly. With the increase of impact velocity, the de-
viation of strain rate between the small-scale model 
and full-scale model is intensified, and then the dif-
ference between the calculation results of these two 
models becomes larger, which is consistent with the 
results shown in Fig.4 and Table 3. However, in Ta-
ble 3, the maximum impact force is almost without 
change, with a decrease in scale factor, which is 
because the impact force reaches the maximum 
value at the moment of about 0.1 ms (see Fig.5), and 
the strain rate effect of material has not shown its 
effect on the numerical results fully at this moment 
(see Fig.4). On the whole, the difference between 
the calculation results of the small-scale model and 
full-scale model increases with the decrease in scale 
factor, which indicates that the influence of strain 
rate on the model similarity law cannot be neglected 
for this rate sensitive material.  
 
Fig.5  Force-time curves of 45# steel plate. 
It is known that many materials used in aircraft 
design are sensitive to strain rate, such as titanium 
alloy Ti-6A1-4V and polycarbonate, which are 
typically used in fan blades and aircraft transparen-
cies, respectively. For these rate sensitive materials, 
to predict the bird impact process of a full-scale ex-
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periment by small-scale experiment results, within 
the permitted engineering errors, the scale factor 
must be kept within a certain range. 
4 Conclusions 
Employing a small-scale experiment to replace 
a full-scale bird impact experiment has great sig-
nificance for facilitating the development of bird 
impact research, reducing experimental cost, and 
shortening the research cycle. On the basis of di-
mensional analysis and similarity theory, the model 
similarity law of the bird impact process is investi-
gated by means of numerical simulation, and the 
following conclusions can be obtained: 
(1) For strain rate insensitive materials, the 
numerical results of the small-scale model and full- 
scale model match well, and the bird impact process 
follows the model similarity law. 
(2) The influence of strain rate on the model 
similarity law for strain rate sensitive materials de-
pends upon the material strain rate sensitivity and 
scale factor. To predict the bird impact process of 
full-scale experiment by small-scale experiment 
results, the scale factor must be limited to a certain 
range. 
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